Cell-penetrating peptides (CPPs) are short protein segments that can transport cargos into cells. Although CPPs are widely studied as potential drug delivery tools, their role in normal cell physiology is poorly understood. Early during infection, the L2 capsid protein of human papillomaviruses binds retromer, a cytoplasmic trafficking factor required for delivery of the incoming non-enveloped virus into the retrograde transport pathway. Here, we show that the C terminus of HPV L2 proteins contains a conserved cationic CPP that drives passage of a segment of the L2 protein through the endosomal membrane into the cytoplasm, where it binds retromer, thereby sorting the virus into the retrograde pathway for transport to the trans-Golgi network. These experiments define the cell-autonomous biological role of a CPP in its natural context and reveal how a luminal viral protein engages an essential cytoplasmic entry factor.
INTRODUCTION
Cell membranes pose formidable barriers to the passage of proteins and non-enveloped viruses. Unlike enveloped viruses, which deliver virion contents into the cytoplasm by membrane fusion, non-enveloped viruses need to cross or disrupt membranes during virus entry (Kumar et al., 2018) . For most non-enveloped viruses, a lytic peptide released by proteolytic cleavage of a capsid protein physically disrupts the membrane or forms a large pore, allowing passage of the capsid into the cytoplasm. Human papillomaviruses (HPVs) are responsible for 5% of human cancer, most notably cervical cancer. These non-enveloped viruses have evolved a unique mode of intracellular trafficking during entry, in which viral material is sequestered in membrane-bound retrograde transport vesicles until late during entry (Calton et al., 2017; Day et al., 2013; DiGiuseppe et al., 2014 DiGiuseppe et al., , 2016 Lipovsky et al., 2013) . This mechanism is thought to protect the virion from cytoplasmic innate immune sensors until the viral DNA has reached safe haven in the nucleus, where viral genome expression and replication occur.
The HPV virion consists of the 8-kb DNA genome in a capsid comprising 360 molecules of the L1 major capsid protein and up to 72 copies of the L2 minor capsid protein, which is largely buried in the L1 protein shell but plays an essential role in the trafficking of viral DNA to the nucleus (Buck et al., 2008; Campos, 2017; Kä mper et al., 2006) . HPV infection is initiated by the binding of L1 to heparan sulfate proteoglycans on the cell surface (Joyce et al., 1999) , which triggers conformational changes in the capsid and proteolytic cleavage of L1 and the N terminus of L2 (Cerqueira et al., 2015; Richards et al., 2006) . The capsid is then thought to be transferred to a specific cell-surface internalization receptor, whose identity remains controversial (Raff et al., 2013) . After endocytosis, acidification of the endosomal lumen exposes the capsid to low pH, which is required for further progression of infection (Schelhaas et al., 2012; Smith et al., 2008) . The protease g-secretase is also required for proper HPV trafficking by facilitating association of L2 with membranes (Inoue et al., 2018; Zhang et al., 2014) .
A key step in HPV infection is the entry of the capsid into the retrograde transport pathway. This pathway normally recycles cellular proteins in the endosome to the trans-Golgi network (TGN) for reuse. A genome-wide small interfering RNA (siRNA) screen revealed that numerous retrograde transport factors are required for HPV entry and identified retromer as being essential for transport of the virion from the endosome to the TGN (Lipovsky et al., 2013) . Retromer, a trimeric protein complex of Vps26, Vps29, and Vps35, resides in the cytoplasm where it binds to the cytoplasmic domain of cellular transmembrane (TM) proteins in the endosome membrane and sorts them into transport vesicles that bud from the endosome (Burd and Cullen, 2014) . These vesicles are then transported to the TGN where membrane fusion deposits the protein cargo in the latter organelle. Retromer directly binds to conserved sites in the C-terminal segment of the HPV16 L2 protein ( Figure 1A ), and retromer knockdown or mutation of these binding sites causes the capsid to accumulate in the endosome and prevents it from reaching the TGN Popa et al., 2015) . Thus, HPV is a novel class of retromer cargo.
This model poses a topological challenge because the incoming virus is in the lumen of the endosome but retromer is in the cytoplasm. To resolve this, we and others have proposed that the C terminus of the L2 protein protrudes through the endosomal membrane into the cytoplasm, so its binding sites are accessible to retromer (Campos, 2017; Popa et al., 2015) . Indeed, the central portion of the L2 protein also binds to additional cytoplasmic proteins such as SNX17 and SNX27 required for HPV entry (Bergant Maru si c et al., 2012; Pim et al., 2015) , suggesting that much of the L2 protein is in the cytoplasm. In addition, the L2 protein contains an N-terminal hydrophobic segment that can act as a TM domain, implying that the L2 protein adopts a TM existence during infection (Bronnimann et al., 2013) . This model is supported by antibody staining and protease sensitivity experiments showing that the bulk of the L2 protein is cytoplasmic by 18 hr after infection, other than a short N-terminal segment upstream of the putative TM domain (Calton et al., 2017; DiGiuseppe et al., 2015) .
It is not known how the L2 protein accesses the cytoplasm during infection. Several years ago, Kä mper et al. (2006) reported that peptides derived from the C terminus of HPV16 or HPV33 L2 destabilized membranes at low pH, resulting in cell death. Furthermore, this L2 segment was required for infection of fibroblasts by HPV16 and bovine papillomavirus 1, and pseudoviruses (PsVs) carrying mutations in this segment accumulated in an endo-lysosomal compartment. At the time of that report, papillomaviruses were thought to exit directly from the endosome into the cytoplasm, and the involvement of retromer and retrograde trafficking in infection was not known. Therefore, the contribution of this membrane-destabilizing sequence to cytoplasmic exposure of L2 was not explored.
The C-terminal segment of all sequenced papillomavirus L2 proteins contains a stretch of basic amino acids near the (C and D) HeLa S3 cells were infected with wild-type (WT) or mutant HPV16 PsV stocks containing equal numbers of the HcRed reporter plasmid (corresponding to MOI of one for wild-type). 48 hpi, flow cytometry was used to determine the fraction of fluorescent cells. The results were normalized to the fraction of cells infected by wild-type. The mean results and standard deviation of three or more independent experiments for each sample are shown (C). (D) Cells were treated and the results are displayed as in (C), except different mutants were analyzed. *p < 0.05; **p < 0.01. (E) HeLa S3 cells were transfected with RNA-induced silencing complex (RISC)-free control siRNA (black bars) or siRNA targeting VPS29 (gray bars), followed by infection at MOI of one with wild-type or L2-Tat HPV16 PsV. Infectivity was measured (n = 3) and displayed like in (C). (F) HeLa S3 cells were untreated (black bars) or treated with 250 nM g-secretase inhibitor XXI for 1 hr at 37 C (gray bars) and then infected like in (E). Infectivity was measured (n = 3) and displayed like in (C). See also Figure S1 and Table S1 .
retromer binding sites ( Figure 1A ; Table S1 ). This basic segment is present in the membrane-destabilizing peptide identified by Kä mper et al. (2006) and is thought to act as a nuclear import signal during capsid assembly (Darshan et al., 2004) . This segment resembles a class of peptides known as cationic cell-penetrating peptides (CPPs), which can transport proteins across the plasma membrane into cells (Guidotti et al., 2017) . The prototype cationic CPP from the human immunodeficiency virus (HIV) Tat protein is RKKRRQRRR (where R, K, and Q represent arginine, lysine, and glutamine, respectively) and the basic sequence in HPV16 L2 is RKRRKR. Certain hydrophobic and amphipathic sequences also display cell-penetrating activity. The mechanisms of membrane penetration are not fully understood, but most cationic CPPs appear to undergo endocytosis (Kauffman et al., 2015) . Although CPPs have been widely studied as agents to deliver molecules into cells for therapeutic purposes, there are few cases where the physiological role of cellpenetrating activity is known. In the nervous system, homeobox proteins such as Engrailed are secreted and then enter neighboring cells in a paracrine fashion to specify various aspects of neuronal function (Spatazza et al., 2013) . The Tat protein can be secreted from HIV-infected cells, but it has not been conclusively shown that secreted Tat plays a role in virus replication or pathogenesis (Faust et al., 2017) . A short basic sequence at the C terminus of the HPV11 L1 major capsid protein displays CPP activity, but the role of this activity in HPV infection is not known (Lee and Lim, 2012) . Here, we show that the basic segment in HPV16 L2 has CPP activity that mediates passage of the C terminus of the L2 protein through the endosomal membrane into the cytoplasm after virus endocytosis. This activity allows retromer to bind L2 and initiate retrograde transport of the capsid to the TGN. Thus, the physiologic role of this CPP is to mediate transfer of a protein segment from one cellular compartment to another, thereby enabling a protein-protein interaction essential for virus infection.
RESULTS
The C-Terminal Basic Sequence of L2 Can Be Replaced by a Cationic Cell-Penetrating Motif Direct binding of retromer to a C-terminal segment of the 473-residue HPV16 L2 protein is required for transport of the incoming virus from endosomes to the Golgi (Lipovsky et al., 2013; Popa et al., 2015) . To test whether the basic amino acids in the C terminus of the L2 protein function as a CPP to transfer a segment of the L2 protein into the cytoplasm, we first tested whether mutations in the basic segment inhibited infectivity. For these experiments, we used PsVs comprising an HcRed reporter plasmid, wild-type HPV16 L1, and wild-type or mutant HPV16 L2 (Buck et al., 2005) . PsV assembly was confirmed by electron microscopy, which showed no obvious morphologic differences between wild-type and mutant PsVs ( Figure S1A ). Each PsV stock was normalized to the number of encapsidated reporter plasmids and analyzed by SDS-PAGE. Wild-type and mutant PsVs displayed comparable purity and contained similar levels of L1 and L2 ( Figure S1B ).
To determine whether the L2 basic segment is important for HPV16 infection, we replaced wild-type RKRRKR with six alanines to construct the 6A mutant ( Figure 1B ). HeLa and HaCaT cells were infected with wild-type HPV16 PsV at MOI of one or with mutant PsV containing an equivalent number of encapsidated reporter plasmids, and infection efficiency was measured two days later by flow cytometry for HcRed fluorescence. As shown in Figures 1C and S1C , the 6A mutation abolished infectivity, showing that the basic sequence is essential for HPV16 infection. Next, we replaced the basic segment of L2 with the CPP domain of the HIV Tat protein to generate L2-Tat (Guidotti et al., 2017; Vives et al., 1997) (Figure 1B) . Strikingly, HPV16 PsV with the Tat sequence in L2 infected cells as well as PsV containing wild-type L2 ( Figure 1C ). In contrast, an amphipathic or a hydrophobic CPP did not support infection. These results suggest that the basic segment of L2 acts as a cationic CPP to deliver the C terminus of L2 containing retromer binding sites through a membrane into the cytoplasm and show that only the cationic class of CPP can support HPV infection.
We then replaced RKRRKR with various numbers of arginines or six consecutive lysines ( Figure 1B ). Published studies show that a stretch of five or more arginines can efficiently act as CPPs, whereas fewer arginines and polylysine are less effective (Tü nnemann et al., 2008) . Infectivity of the mutant PsV with three arginines (3R) was minimal ($10%) and increased with the number of arginine residues, reaching a plateau with five arginines ( Figures 1D and S1C ). The mutant with six lysines was <40% as infectious as PsV containing five or more arginines. These results demonstrate that the basic segment at the C terminus of HPV16 L2 can be functionally replaced by arginine-rich sequences with known CPP activity, and that infectivity correlated with predicted CPP activity. These results provide strong genetic evidence that the basic segment of L2 acts as a CPP during HPV16 infection.
Next, we tested whether HPV16 PsV containing L2-Tat utilized a similar entry pathway as wild-type HPV16 PsV. To determine whether retromer was required for infection mediated by L2-Tat, we infected cells transfected with siRNA that knocked down the Vps29 retromer subunit (Lipovsky et al., 2013) . Retromer knockdown dramatically inhibited infection by wild-type and L2-Tat PsV, indicating that the L2-Tat chimera requires retromer ( Figure 1E ). To determine whether g-secretase was required for PsV containing L2-Tat, we treated cells with a chemical inhibitor of g-secretase, compound XXI, and measured infectivity. XXI caused near-complete inhibition of both wild-type and L2-Tat PsV infection, showing that the L2-Tat chimera also requires g-secretase ( Figure 1F) . Thus, the L2-Tat chimeric HPV16 PsV displays two of the key entry requirements as wild-type HPV16 PsV, dependence on retromer and g-secretase.
The Basic Sequence of L2 Can Translocate Peptides and GFP Fusion Proteins into Cells We conducted several experiments to determine whether the basic segment of L2 has cell penetrating activity. First, we conjugated Alexa Fluor 488 onto the N terminus of a 28-residue L2 peptide that terminates with the wild-type basic segment or the corresponding peptide with the 6A or the 3R mutation (Figure 2A, top) . As assessed by confocal microscopy, the wildtype peptide entered cells, but the peptide containing 6A mutation did not (Figure 2A , bottom). Cells treated with the 3R peptide displayed less fluorescence signal than cells treated with wild-type peptide, suggesting that the 3R peptide is partially impaired for cell penetration.
To confirm CPP activity of this L2 segment, we purified proteins from bacteria consisting of GFP fused in-frame to a 28-residue segment from the C terminus of L2 terminating with either the wild-type or mutant basic segment ( Figure 2B ). Microscopic examination of HeLa and HaCaT cells incubated with GFP-L2 fusion proteins showed that the protein with the wild-type L2 segment generated a strong punctate fluorescence signal inside cells and at the cell periphery ( Figure 2C ). The 3R mutation greatly impaired cellular uptake and the 6A mutation abolished it. To determine whether the fusion proteins were internalized, cells were treated with 0.04% trypan blue, a membrane-impermeable agent that quenches cell-surface GFP fluorescence, but not intracellular fluorescence. As shown in Figure 2C , in cells incubated with the wild-type fusion protein, the signal at the cell periphery was eliminated by trypan blue, but the punctate signal persisted, demonstrating intracellular uptake of the protein. In contrast, the signal from the 3R mutant was largely eliminated. To quantify cellular fluorescence, flow cytometry was performed at 0.5 to 5 hr post-incubation following trypsinization to remove any GFP fusion protein adsorbed to the cell surface. The wildtype fusion protein translocated into cells rapidly, whereas there was no internalization of 6A and 3R fusion proteins ( Figure 2D) . Thus, the wild-type and mutant basic segments of L2 displayed cell penetration activity that correlated with the infectivity of PsV containing these segments. These results demonstrate that the L2 basic sequence has cell-penetration activity and strongly suggest that this activity is required for HPV entry.
The L2 CPP Is Not Essential for Virus Binding and Internalization To determine the role of the L2 CPP in HPV infection, we first conducted cell binding experiments. HeLa cells were incubated with either wild-type or mutant HPV16 PsV for 2 hr at 4 C, followed by washing to remove unbound viruses. Non-permeabilized cells were stained with an L1 antibody, and immunofluorescence was performed to detect viruses stably bound to cells. As shown in Figure 3A , similar amounts of wild-type and 3R mutant PsV bound cells. Thus, a mutation that inhibits the cell penetrating activity of L2 did not affect virus binding to cells, showing that L2 CPP activity was not required for binding. Unexpectedly, the 6A mutation resulted in a dramatic reduction of cell binding. Similar results were obtained when cell binding was assessed by flow cytometry or western blotting for L1 ( Figures 3B and 3C ). Because the cell binding defect of the 6A mutant conflicted with published studies showing efficient binding of capsids lacking L2 (e.g., Kä mper et al. [2006] ), we also tested binding with PsV comprising L1 only. As shown in Figure 3C , L1-only PsV bound cells to a similar level as complete PsV containing L1 plus wild-type L2, far better than PsV containing the 6A mutant. These results imply that although the L2 CPP is not required for cell-surface binding, sequences in the C terminus of L2 can modulate binding. Because the 6A mutation affected binding, we also tested HPV16 PsV containing L2 with the amphipathic or hydrophobic CPP in place of the wild-type sequence. As shown in Figure 3C , both of these mutants bound cells well, indicating that the severe infection defect of these mutants was not due to impaired cellsurface binding.
Next, we examined the role of the L2 CPP in virus internalization. After incubation of cells with HPV16 PsVs at 4 C, we shifted cells to 37 C for 8 or 16 hr to allow internalization, which was assessed by immunofluorescence and by flow cytometry. The 3R L2 mutant internalized into cells as well as wild-type, whereas the 6A mutant showed much less internalized L1, as expected because of its cell-surface binding defect ( Figures  3D and 3E ). This result showed that the short basic segment of three arginines could support cell-surface binding and virus internalization, even though it was not sufficient to restore infectivity or mediate membrane penetration. Thus, the L2 CPP is required for an intracellular event after cell binding and internalization.
The 3R Mutant Accumulates in Endosomes and Fails to Reach the Golgi To examine the post-internalization defect of the 3R mutant, we used the proximity ligation assay (PLA) to determine the localization of incoming wild-type and 3R mutant HPV16 PsV. PLA is an immune assay used to test whether proteins of interest are within 40 nm. PLA was performed with an anti-L1 antibody and an antibody that recognizes either EEA1, a marker of the early endosome, or the TGN marker, TGN46. The L2 double mutant (DM) mutant, which lacks retromer binding sites, was used as a control. As shown in Figure 4A , these antibodies did not generate a PLA signal in mock-infected cells. At 8 hr post-infection (hpi), punctate intracellular EEA1/L1 PLA signal was observed in cells infected with wild-type PsV or either mutant and showed similar fluorescence intensity, confirming that the 3R mutant, like DM, efficiently entered cells and reached the endosome. At 16 hpi, the EEA1/L1 PLA signal of cells infected with wild-type PsV was significantly diminished, due to the departure of the virion from the endosome, whereas the signal for the DM in the endosome was markedly increased, reflecting endosomal accumulation because of the absence of retromer binding sites (Popa et al., 2015) ( Figure 4A ). Notably, the EEA1/L1 PLA signal of the 3R mutant at 16 hpi was increased $3-fold compared to the 8-hr signal, similar to the increase seen with DM mutant. Thus, the 3R mutant accumulated in the endosome. As expected, little TGN46/L1 PLA signal was generated at 8 hr after wild-type or mutant PsV infection (Figure 4B) . At 16 hpi, cells infected with wild-type displayed abundant TGN46 PLA signal, reflecting delivery of L1 to this distal site. In contrast, 3R and DM mutants showed a greatly reduced TGN46/L1 PLA signal, indicating that these mutants did not arrive at the TGN. These results indicate that 3R mutation causes accumulation of the incoming virus particle in the endosome and prevents its delivery to the TGN, a phenotype similar to the mutant that cannot bind retromer. Together with the reduced infectivity of the 3R mutant and the impaired cell entry of 3R mutant fusion proteins, these data suggest that the trafficking defect displayed by 3R mutant is due to impaired endosomal membrane penetration and retromer association.
The 3R Mutant Is Defective in Accessing Retromer during HPV Infection but Binds Retromer In Vitro Next, we tested whether the 3R mutation impaired association between the capsid and retromer in infected cells. HeLa cells were infected with either wild-type or mutant HPV16 PsV, and PLA was performed with an anti-L1 antibody and an antibody recognizing Vps35, a subunit of retromer. As shown in Figure 5A , wild-type PsV generated abundant Vps35/L1 PLA signal at 8 hpi, while the signal was diminished by 16 hr, after the virus exited from endosomes and dissociated from retromer. As expected, the PLA signal for DM mutant was very weak at both 8 and 16 hr. Interestingly, we observed $75% reduction in the PLA signal for the 3R mutant at 8 hr, and this signal decreased further by 16 hr ( Figures 5A and 5B), despite the accumulation of the mutant in the endosome at this later time point. The 3R mutation could inhibit retromer association directly, by impinging on the retromer binding sites, or indirectly, by preventing the exposure of the binding sites in the cytoplasm. To determine whether mutations in the L2 CPP directly inhibited binding to retromer, we performed in vitro pull-down experiments. Glutathione S-transferase (GST)-tagged retromer subunits were expressed in bacteria, purified, assembled into the trimeric retromer complex, and bound to glutathione beads. The purified GFP-L2 fusion proteins containing a wild-type L2 segment, the 3R mutation, or the DM mutations in the retromer binding sites were incubated with the retromer beads at 4 C, pelleted, and subjected to western blotting with an anti-GFP antibody to detect the L2 fusion protein in the pellet. As expected, the wild-type protein bound retromer well and the DM mutant bound poorly ( Figure 5C ). Notably, the 3R mutant L2 fusion protein also bound retromer well, demonstrating that this mutation did not inhibit the intrinsic ability of L2 to bind retromer. We also incubated biotinylated wild-type and mutant C-terminal L2 peptides with detergent lysates of uninfected HeLa cells and performed streptavidin pull-down experiments and western blotting for Vps35. Similar to the results with purified fusion proteins, those for the 3R mutation indicate that it did not affect retromer binding to the L2 peptide, whereas binding was abolished by the retromer binding site mutations ( Figure 5D ). Therefore, the 3R mutation does not directly interfere with retromer binding, and we conclude that the 3R mutant displays impaired retromer association in infected cells because it cannot protrude through the endosomal membrane and access retromer in the cytoplasm.
Split GFP Assay Detects CPP-Mediated Cytoplasmic Exposure of the C Terminus of L2
To directly demonstrate membrane passage of the L2 C terminus during virus entry, we adapted a split GFP assay (Cabantous et al., 2005; Milech et al., 2015) . A protein consisting of GFP beta strands 1 to 10 (GFP1-10) does not fluoresce, nor does the 16-residue beta strand 11 of GFP (GFP11). However, when GFP11 is in the same cellular compartment as GFP1-10, GFP is reconstituted, generating a fluorescent signal. This approach was used to demonstrate cytoplasmic delivery of soluble fusion proteins linked to CPPs (Lö nn et al., 2016; Milech et al., 2015) . We first constructed a clonal HaCaT cell line expressing GFP1-10 linked at its C terminus to a nuclear export signal (NES) ( Figure S2A ). Immunofluorescence experiments with an anti-GFP antibody confirmed cytoplasmic expression of GFP1-10NES ( Figure S2B ). As expected, cells expressing this construct without GFP11 displayed minimal fluorescence (data not shown; see also Figures S2E, 6B, and 6C). We then conducted control experiments to establish that GFP fluorescence in HaCaT/GFP1-10NES cells indicated the presence of GFP11 in the cytoplasm. We used CD8-cation-independent mannose phosphate receptor (CD8-CIMPR) fusion proteins consisting of the extracellular domain of CD8 fused to the TM and cytoplasmic domains of CIMPR (Popa et al., 2015; Seaman, 2007) . We inserted seven tandem copies of GFP11 at either the N terminus or the C terminus of CD8-CIMPR to generate GFP11-CD8-CIMPR and CD8-CIMPR-GFP11, respectively ( Figure S2C ) (Kamiyama et al., 2016) . When expressed, these proteins adopt a type 1 TM orientation with the GFP11 segment located in the extracellular/luminal space for GFP11-CD8-CIMPR and in the cytoplasm for CD8-CIMPR-GFP11 (Figure S2D ). Neither construct fluoresced on its own when transfected into unmodified HaCaT cells (data not shown). We then transfected HaCaT/GFP1-10NES cells with a plasmid expressing GFP11-CD8-CIMPR or CD8-CIMPR-GFP11 and assessed fluorescence. As shown in Figure S2E , bright cytoplasmic fluorescence was observed after expression of CD8-CIMPR-GFP11 (containing cytoplasmic GFP11), but not after expression of GFP11-CD8-CIMPR. Additional control experiments showed that GFP11-CD8-CIMPR reconstituted fluorescence in cells expressing luminal GFP1-10 ( Figures S2C, S2D , and S2F). Taken together, these results validate the split GFP reporter system by showing that fluorescence is reconstituted in HaCaT/GFP1-10NES cells only when the GFP11 segment is in the cytoplasm and establish that GFP1-10NES does not access the luminal space.
Next, we constructed fusion proteins consisting of seven tandem copies of GFP11 fused to a C-terminal segment of HPV16 L2 extending from 22 residues upstream of the CPP to the end of the basic sequence ( Figure 6A ). As a control protein, the L2 CPP was replaced with the HIV Tat CPP. Incubation of HaCaT/ GFP1-10NES cells with purified GFP11 fusion proteins containing the wild-type L2 or Tat CPP generated a fairly uniform, cytoplasmic, reconstituted GFP signal ( Figure 6B ). Fluorescence was resistant to trypan blue treatment, showing that it was intracellular. Similarly, when the CPP from HPV16 L2 was replaced by the basic segment from HPV5, HPV18, or HPV31, reconstituted intracellular fluorescence was observed ( Figure 6C ), whereas GFP11 fusion proteins containing the 3R or 6A mutant HPV16 L2 CPP were markedly impaired for cytoplasmic delivery. These results demonstrate that the L2 CPP from several HPV types could deliver the C terminus of a fusion protein into the cytoplasm of HaCaT cells.
HPV CPP Drives the C Terminus of L2 into the Cytoplasm during Infection
The experiments described above showed that fusion proteins containing the HPV L2 CPP could enter the cytoplasm. Next, we determined whether the C terminus of L2 carried in the intact virion protruded into the cytoplasm during infection. We inserted seven tandem copies of GFP11 at two different positions in the C terminus of the HPV16 L2 protein, between the FYL retromer binding site and the CPP (L2-GFP11-CPP) or at the extreme C terminus of L2 (L2-CPP-GFP11) (Figures 7A and S3A) and tested the activity of PsV stocks containing L2 with the inserted GFP11 segments. Inserted GFP11 did not impair HPV16 PsV infectivity in HeLa cells ( Figure S3B ). In HaCaT/GFP1-10NES cells, GFP11 had a modest (<50%) inhibitory effect on infectivity, and infection remained sensitive to g-secretase inhibition (Figure S3C) . We then infected HaCaT/GFP1-10NES cells at high MOI with HPV16 PsV with or without GFP11-tagged L2 protein and examined the cells by confocal microscopy. As shown in Figure 7B , fluorescence was not detectable in HaCaT/GFP1-10NES cells infected with wild-type HPV16 PsV lacking the GFP11 insert, confirming that the GFP1-10NES protein did not fluoresce on its own. Similarly, as expected, infection of unmodified HaCaT cells with HPV16 PsV containing GFP11-tagged L2 did not generate a fluorescent signal (data not shown). In contrast, infection of HaCaT/GFP1-10NES cells with PsV containing GFP11 inserted at either C-terminal position in L2 resulted in reconstituted cytoplasmic fluorescence in $60%-90% of cells, demonstrating that the C terminus of L2 protrudes into the cytoplasm during infection ( Figure 7B ). Reconstituted fluorescence showed either a punctate distribution or a more uniform distribution throughout the cytoplasm (or both) and was evident at a low level by 1.5 hpi and increased by 3 hpi ( Figures  7B and S4A) . Notably, reconstituted fluorescence did not display peripheral cell-surface localization at any time point examined.
We also produced PsV with GFP11 fused to the C terminus of the L2 protein from HPV5, a b-type HPV that infects skin and is associated with skin cancer. As shown in Figure 7C , reconstituted cytoplasmic GFP was also generated by HPV5-GFP11-CPP PsV infection. Thus, early during infection by two distinct HPV types, the C terminus of at least a fraction of L2 molecules protruded into the cytoplasm.
To test whether the L2 CPP was required for membrane protrusion, we produced PsV in which the wild-type CPP in L2-GFP11-CPP and L2-CPP-GFP11 was replaced with three arginines ( Figure S3A ). As expected, the 3R mutation did not inhibit PsV internalization but blocked infection ( Figures S3B  and S4B ). In HaCaT/GFP1-10NES cells infected with these mutant PsVs, there was significantly less reconstituted fluorescence compared to cells infected with PsV with wild-type CPP ( Figures 7D and 7E) . This result provides direct evidence that the L2 CPP is required for cytoplasmic exposure of the L2 C terminus during infection.
To determine whether L2 protrusion required cell-cycle progression, we treated cells with aphidocolin, which causes S-phase arrest and blocks HPV infection by inhibiting translocation of the incoming virus into the nucleus late during entry (Calton et al., 2017) . As shown in Figure S5 , aphidocolin inhibited infection by PsV containing GFP11 but did not decrease the reconstituted GFP signal, showing that cell-cycle progression and nuclear membrane breakdown are not required for exposure of the C terminus of L2 in the cytoplasm during infection.
DISCUSSION
In this paper, we show that a short sequence of basic amino acids near the C terminus of the HPV L2 protein acts as a CPP to transfer a segment of the L2 protein into the cytoplasm where it binds retromer to initiate retrograde transport of the incoming virion to the TGN. First, we showed that the basic segment of HPV16 L2 is required for efficient infection of epithelial cells and can be replaced with the cationic CPP from HIV Tat. Like wild-type HPV16 PsV, PsV containing the Tat CPP required retromer for infection. Five or more consecutive arginine residues restored full infectivity, whereas fewer arginines or six lysines were less active, consistent with the known cell-penetrating activities of these sequences. We then used peptide and protein transduction assays to demonstrate that the basic segment of HPV16 L2 displayed CPP activity. Importantly, a truncated sequence of three arginines was defective for CPP activity and failed to support infection. The preferential uptake of the 3R peptide compared to the 3R fusion protein may reflect the higher concentration of molecules used in the peptide experiments. Taken together, these experiments demonstrated that L2 CPP activity was required for HPV infection.
HPV16 PsV containing a mutant CPP consisting of three arginines was internalized, showing the L2 CPP was not required for cell binding or endocytosis. However, in contrast to L1-only PsV, which bound cells well, the 6A mutant bound poorly. Thus, cell binding can be modulated by the L2 protein. The simplest explanation for these findings is that L1 is sufficient for binding and that the 6A mutation causes a subtle change in the structure of the capsid that inhibits L1 from binding to its receptor.
The 3R CPP mutant was defective for retromer engagement, exit of PsV from the endosome, and trafficking to the TGN. The same phenotype is caused by mutations in the retromer binding sites or by retromer knockdown. However, the CPP mutation did not directly impair the ability of L2 to bind retromer, implying that during infection the retromer binding sites in the mutant were not in the same cellular compartment as retromer. To directly assay cytoplasmic exposure of L2, we developed a split GFP assay, in which fluorescence is reconstituted when a short segment of GFP at the C terminus of L2 on incoming PsV encounters GFP1-10 in the cytoplasm. Cytoplasmic exposure of HPV16 and HPV5 L2 was detectable early during infection and was impaired by replacing the CPP with three arginines. These findings show that the L2 CPP mediates passage of the C terminus of the L2 protein into the cytoplasm where it can engage retromer and enter the retrograde trafficking pathway. The presence of multiple L2 molecules in each virion ensures a high local concentration of CPPs upon infection even at low MOI, which may be important for membrane penetration (Kauffman et al., 2015) . The split GFP assay should be useful in investigating chemicals and mutations that inhibit HPV trafficking and in elucidating the molecular mechanism of this unusual process.
In addition to reconstituted fluorescence concentrated in discrete intracellular locations, many cells displayed a uniform signal throughout the cytoplasm (e.g., Figure 7B ), suggesting that the C-terminal segment of some L2 molecules are cleaved or released from the virion after protrusion through the membrane or that transport vesicles containing PsV rapidly distribute throughout the cytoplasm. Western blotting of infected HaCaT/ GFP1-10NES cells failed to reveal shorter species of wild-type L2 or L2 linked to GFP11 at the time we measure L2 protrusion ( Figure S4C ). In addition, we recently reported that a small fraction of C-terminally FLAG-tagged L2 is cleaved by g-secretase by 8 hpi, but cleavage is not required for infectivity (Inoue et al., 2018) . Taken together, these results indicate that few L2 molecules are cleaved early during infection. The origin and significance of the diffuse, reconstituted GFP signal remains to be determined.
The rapid generation of reconstituted GFP fluorescent signal is consistent with the report that the L2 protein binds to the SNX17 as early as 2 hpi (Bergant et al., 2017) . In addition, by 1.5 to 3 hpi, intracellular L1 is detectable by immunofluorescence (Figure S4D ) and by western blotting (Campos et al., 2012) , providing additional evidence that HPV internalization can occur rapidly.
The Campos laboratory used a related approach to determine when the L2-vDNA complex translocates across the limiting membrane to access the nucleus (Calton et al., 2017) . They fused the $30 kDa BirA biotin ligase to the C terminus of L2 and used biotinylation of a cytoplasmic target protein as a biochemical indicator of L2 translocation. Biotinylation required cell-cycle progression and was detected only after the virus reached the nucleus and the cells underwent mitosis, beginning approximately 8-10 hpi. In contrast, cytoplasmic exposure of L2 assessed by reconstituted GFP occurred earlier and did not require cell-cycle progression. Thus, biotinylation indicates that L2 molecules have been released from retrograde transport vesicles in the terminal stages of trafficking, whereas GFP reconstitution indicates the protrusion of L2 molecules into the cytoplasm to engage the retrograde trafficking machinery.
The physiological role of most CPPs is not known. Naturally occurring CPPs are usually studied as small peptide fragments removed from their protein of origin, and in many cases cellpenetrating activity may be the fortuitous consequence of a basic amino acid sequence that does not normally penetrate membranes when present in its host protein. Our results show that CPP-driven membrane penetration by L2 plays an important role in HPV infection. We propose that after the L2 CPP of endocytosed virus protrudes through the endosomal membrane into the cytoplasm, most of L2 passes through the membrane. If passage is arrested by its N-terminal TM domain, L2 will adopt a type 1 TM orientation with its N terminus in the endosomal lumen and most of the protein exposed in the cytoplasm. The exposed C terminus then binds to essential entry factors including retromer, which sorts the virus into retrograde transport vesicles. It should be pointed out, however, that it is possible that not all L2 molecules insert into membranes or bind cytoplasmic factors.
The effect of the L2 CPP on the membrane is relatively subtle and localized, in contrast to more drastic membrane disruption caused by other non-enveloped viruses, which are deposited into the cytoplasm. This allows the HPV virion to be retained in transport vesicles throughout trafficking, thereby sequestering it from cytoplasmic immune sensors during cell entry. The L2 protein may protrude into the cytoplasm in a sequential fashion, with the C terminus being exposed prior to the middle of the protein. Thus, cellular proteins may bind L2 sequentially, first retromer to the C terminus of L2 and later proteins, such as SNX17, to the middle portion of L2. Such ordered binding may be important for the assembly of the protein complexes necessary for proper trafficking.
The presence of a C-terminal basic region in all papillomavirus L2 proteins implies that the essential role of the L2 CPP has been maintained since the papillomaviruses emerged more than 250 million years ago. The sequence of the basic segment is variable, consistent with the relatively relaxed sequence requirements for CPPs. The 353 sequenced L2 proteins in the papillomavirus PaVe sequence database (https://pave. niaid.nih.gov/#home) contain 164 different C-terminal basic sequences, including a 10-residue poly-arginine stretch in three canine viruses, and many more CPPs are likely to exist in as-yet-uncharacterized papillomaviruses because most of these different basic sequences have been identified in only a single virus type (Table S1 ). Moreover, sequences flanking the core basic amino acids may influence membrane penetration activity. The multitude of extant papillomavirus CPPs thus represents the results of a mutational analysis carried out over evolutionary time, revealing hundreds of presumably non-toxic sequences that should be evaluated for cargo-carrying activity for practical uses. In addition, analysis of these sequences may reveal new aspects of CPP action. For example, the ten most common L2 basic segments terminate in a C-terminal RKR sequence, implying that there is a biological advantage in maintaining RKR at the C terminus of these L2 CPPs ( Figure S4E ; Table S1 ).
The experiments reported here, together with earlier published reports by us and others (reviewed in Campos [2017] ), strongly suggest that the L2 protein is an inducible TM protein. In the intact capsid, which lacks membranes, L2 cannot have any TM character. However, once the L2 CPP inserts into the membrane and protrudes into the cytoplasm, the L2 protein appears to adopt a TM existence. Thus, CPPs can not only transport proteins into cells or between compartments but also can transform a soluble protein into a TM one. Cellular and other viral proteins also may be transferred between intracellular compartments or transition from a soluble to a TM state, with important consequences for their biological activities. Our results suggest that a primary role of CPPs in biology may not be to transport proteins into cells in a paracrine fashion but rather to act intracellularly to mediate the transfer of proteins or protein segments between cellular compartments and to convert soluble proteins into TM proteins.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture HeLa S3 cells HeLa S3 cells, purchased from American Type Culture Collection (ATCC), are a clonal derivative of the parent human female HeLa cell line. Cells were cultured at 37 C in DMEM (Sigma Aldrich) with HEPES and L-glutamine, supplemented with 10% fetal bovine serum (FBS) and 100 units/mL penicillin streptomycin, in 5% CO 2 . For infectivity experiments, 1 3 10 5 HeLa S3 cells were seeded in 12-well plates and cultured in the same medium for 16 h before infection. For cellular uptake experiments, 5 3 10 4 HeLa S3 cells were seeded in eight-chambered glass coverslips and cultured in the same medium overnight. Cell line was authenticated by confirming expression of HPV18 E6/E7 oncogene expression. All cell lines were periodically tested for mycoplasma contamination. HeLa-sen2 cells HeLa-sen2 cells, a cloned derivative of the parent human female HeLa cell line, were generated by our lab (Goodwin et al., 2000) . Cells were cultured at 37 C in DMEM (Sigma Aldrich) with HEPES and L-glutamine, supplemented with 10% FBS and 100 units/ mL penicillin streptomycin, in 5% CO 2 . For immunofluorescence and PLA experiments, 5 3 10 4 cells were seeded on coverslips and cultured in the same medium for 16 h before infection. Cell line was authenticated by confirming expression of HPV18 E6/E7 oncogene expression.
HaCaT cells
HaCaT cells purchased from AddexBio Technologies are spontaneously transformed keratinocytes from human male histologically normal skin. HaCaT cells were cultured at 37 C in DMEM with HEPES and L-glutamine, supplemented with 10% FBS and 100 units/ mL penicillin streptomycin, in 5% CO 2 . To generate HaCaT/GFP1-10NES stable cell line, 3 3 10 4 HaCaT cells were seeded in 24-well plates and cultured in the same medium for 16 h before transduction. HaCaT/GFP1-10NES cells stably expressing GFP1-10NES were cultured at 37 C in DMEM with HEPES and L-glutamine, supplemented with 10% FBS, 100 units/mL penicillin streptomycin, and 1 mg/mL puromycin (Sigma Aldrich), in 5% CO 2 . HEK293T/17 cells HEK293T/17 (293T) cells used for making lentiviruses were purchased from ATCC. 293T is a female human embryonic kidney (HEK) cell line, carries a stably expressed Simian virus 40 (SV40) genome, and expresses large T antigen. Clone 17 was selected specifically for its high transfectability. 293T cells were cultured at 37 C in DMEM with HEPES and L-glutamine, supplemented with 10% FBS and 100 units/mL penicillin streptomycin, in 5% CO 2 . For producing lentiviruses, 2 3 10 6 cells were seeded in 100 mm dishes and cultured in the same medium overnight. Cell line was authenticated by confirming expression of nuclear SV40 large T antigen. Slide-A-Lyzer Dialysis Cassettes, gamma-irradiated, 10,000 MWCO
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293TT cells 293TT cells, obtained from Christopher Buck (NIH), were generated by introducing SV40 Large T antigen cDNA into female HEK293T cells to increase Large T antigen expression. 293TT were cultured at 37 C in DMEM with HEPES and L-glutamine, supplemented with 10% FBS, 100 units/mL penicillin streptomycin, and 250 mg/mL hygromycin, in 5% CO 2 . To produce PsVs, 8 3 10 6 cells were seeded in 150 mm dishes and cultured in the same medium for 16 h before transfection. Cell line was authenticated by confirming expression of nuclear SV40 large T antigen.
METHOD DETAILS
Producing and characterizing pseudovirus Plasmids used for producing pseudoviruses 293TT cells were used for HPV PsV production with packaging plasmids designated p16sheLL and p5sheLL, expressing both L1 and L2 for complete HPV16 or HPV5 PsV production, or p16L1-GFP for L1-only PsV production (Buck et al., 2005) . The HPV16 L2 C-terminal mutants were constructed in p16sheLL by using the Q5 site-directed mutagenesis protocol to design primers, and Phusion High-Fidelity DNA polymerase (New England Biolabs) to amplify plasmids with mutations or known CPPs in the basic segment of the L2 protein: cationic (RKKRRRQRRR), amphipathic (PLSSIFSRIDG), and hydrophobic (AAVLLPVLLAAP), from HIV Tat, hepatitis B virus large surface antigen, and the K-fibroblast growth factor signal peptide, respectively (Lin et al., 1995; Oess and Hildt, 2000; Vives et al., 1997) . The L1 and L2 genes in each mutant were sequenced to verify mutations. Pseudovirus production HPV PsVs were produced by co-transfecting 293TT cells with pCAG-HcRed (Addgene) and wild-type or mutant p16sheLL, p5sheLL, or p16L1-GFP. The packaged PsVs were purified by density gradient centrifugation in OptiPrep (Axis-shield) (Buck et al., 2005) . Encapsidated HcRed genomes were quantified by qPCR as described (Popa et al., 2015) . Briefly, purified PsVs were treated with DNase I from RNase-free DNase set (QIAGEN) to remove unencapsidated DNA associated with capsids. Reporter plasmid was isolated using a DNeasy Blood and Tissue Kit (QIAGEN), and the copy number of encapsidated reporter plasmids was determined by qPCR using primers for the HcRed gene in comparison to a standard curve.
Pseudovirus characterization
To characterize purified pseudovirus, 5 mL of pseudovirus solution was placed on freshly glow-discharged copper grids (formvar/ carbon-coated, 200 mesh, Electron Microscopy Services, Hatfield, PA). After 2 min, the grids were rinsed twice with droplets of deionized water, stained by 2% aqueous uranyl acetate for 2 min, and then the excess staining solution was blotted off. The grids were allowed to air dry for 15 min. The samples were examined in a FEI Tecnai F20 transmission electron microscope at 200kV. Images were acquired using a FEI Eagle CCD camera (4Kx4K). Virus stocks containing $1 3 10 7 PsV genomes were also analyzed by SDS-PAGE, followed by staining with Coomassie brilliant blue. Infectivity 1 3 10 5 HeLa S3 or HaCaT cells in 12-well plates were incubated with PsVs at infectious MOI of approximately one as assessed by flow cytometry for reporter gene expression after wild-type infection. The number of packaged reporter plasmids required to achieve this MOI for wild-type PsV in each cell line was quantified by qPCR, and an equivalent number of genomes in mutant PsV were used to infect cells. Approximately five-fold more virus was used to attain the same MOI in HaCaT cells. Cells were analyzed by flow cytometry on a Stratedigm-13 flow cytometer to determine the fraction of cells displaying HcRed fluorescence 48 hpi. To measure dependence on retromer, 1 3 10 5 HeLa S3 cells in a 12-well plate were transfected 48 hpi prior to infection with 10 pmol siRNAs targeting VPS29 (Dharmacon) by using RNAiMAX (Thermo Fisher) according to manufacturer's protocol. Cells transfected with RISC-free siRNA were used as a control. Forty-eight hpi, infectivity was measured by flow cytometry for reporter gene expression. To measure dependence on g-secretase, HeLa S3 cells were pretreated for 1 h with 250 nM g-secretase inhibitor, compound XXI (Millipore), which was retained in the medium for the duration of the experiment. Cells were infected at MOI of one. Forty-eight hpi, infectivity was measured by flow cytometry for HcRed expression. To measure the effect of aphidicolin, HeLa S3 cells were pretreated for 24 h with 6 mM aphidicolin (Santa Cruz), which was retained in the medium for the duration of the experiment. Cells were infected and analyzed as above.
Cell binding and internalization
Cell binding assays To measure cell binding by microscopy, 5 3 10 4 HeLa-sen2 cells grown on glass coverslips were infected with wild-type PsV at MOI of 20 or mutant PsV containing the same number of encapsidated reporter plasmids. Cells were incubated with PsV at 4 C for 2 h and then washed three times with phosphate-buffered saline (PBS). Cells were fixed for 15 min at room temperature with 4% paraformaldehyde (Electron Microscopy Sciences), washed with PBS and reacted with anti-L1 rabbit polyclonal serum (obtained from J. Schiller, NIH), followed by fluorescently-tagged donkey anti-rabbit secondary antibody (Thermo Fisher). Images were acquired with a Leica SP5 inverted fluorescence microscope.
To measure cell surface binding by flow cytometry, 7.5 3 10 5 HeLa-sen2 cells in six-well plates were incubated with wild-type PsV at MOI of 20 or mutant PsV containing the same number of reporter plasmids at 4 C for 2 h and then washed three times with PBS. Cells were harvested by treatment of 0.5 mM EDTA on ice for 15 min. Samples were fixed in ice-cold methanol and stained with rabbit polyclonal anti-L1 antibody (obtained from J. Schiller, NIH), and incubated with corresponding Alexa Fluor secondary antibodies (Thermo Fisher). Fluorescence intensity was assayed on a Stratedigm-13 flow cytometer.
Cell binding was also determined by immunoblotting. 1 3 10 5 HeLa-sen2 cells grown on 12-well plates were incubated with wildtype PsV at MOI of 20 or mutant PsV containing the same number of encapsidated reporter plasmids at 4 C for two h and then washed three times with cold PBS. Cells were harvested, and viruses bound to cells were detected by western blotting with the BD Biosciences anti-L1 antibody.
Internalization assays
To measure internalization, HeLa-sen2 cells were incubated with PsV at MOI of 50 at 4 C for 2 h, followed by extensive washing in PBS to remove loosely bound PsV. Cells were then shifted to 37 C to initiate internalization. After 8 h, samples were fixed by 4% Paraformaldehyde, permeabilized with 1% Saponin (Sigma Aldrich) and reacted with anti-L1 antibody (BD Biosciences), followed by donkey anti-mouse secondary antibody (Thermo Fisher). Cells were analyzed by a Leica SP5 inverted fluorescence microscope. In the experiment shown in Figure S4D , cells were infected with wild-type HPV16 PsV and stained with the antibody 33L1-7 (obtained from Martin Sapp, LSU), which recognizes L1 after virus is internalized and capsid disassembly has begun (DiGiuseppe et al., 2015) .
To measure internalization by flow cytometry, 7.5 3 10 5 HeLa-sen2 cells in six-well plates were incubated at 4 C for 2 h with wildtype PsV at MOI of 50 or mutant PsV containing the same number of reporter plasmids and then washed three times with PBS, followed by additional incubation at 37 C for 6 h to initiate internalization. Cells were then harvested by trypsinization to remove PsV on the cell surface. Samples were fixed in ice-cold methanol and stained with anti-L1 antibody (BD Biosciences) and incubated with Alexa Fluor-labeled secondary antibody (Thermo Fisher). Fluorescence intensity was assayed on a Stratedigm-13 flow cytometer.
In all fluorescence imaging experiments, cells were also stained with DAPI or Hoescht 33342 to visualize nuclei (blue). Images were acquired with a Leica SP5 inverted fluorescence microscope, and a single confocal Z-plane is shown in each panel.
Proximity ligation assay
For proximity ligation assay (PLA), HeLa-sen2 cells were infected with wild-type PsV at MOI of 100-to-200 or with mutant PsV containing the same number of encapsidated reporter plasmids. Infected cells were fixed, permeabilized at various times post-infection, and incubated with pairs of antibodies, one recognizing L1 (BD Biosciences) and the other recognizing a cellular marker or a retromer subunit. PLA was performed with Duolink reagents (Sigma Aldrich) according to the manufacturer's directions as described . Briefly, cells were incubated in a humidified chamber with a pair of suitable PLA antibody probes diluted 1:5 and processed for ligation and amplification with fluorescent substrate at 37
C. Approximately 200 cells in each sample were imaged with a Leica SP5 inverted fluorescence microscope. The images were processed by Fiji and quantitatively analyzed by BlobFinder software to measure total fluorescence intensity in each sample. The average fluorescence intensity per cell in each sample was normalized to the control sample as indicated in each experiment. Similar results were obtained in three independent experiments for each antibody pair.
Peptide and fusion protein cellular uptake Preparation of peptides Peptides were purchased from ABclonal Technology at > 95% purity. L2-WT peptide (sequences shown in Figure 2A ) was resuspended in 30% acetic acid and DMSO, and then dissolved in sterile deionized water with 0.01% sodium azide. The 3R and 6A peptides were initially solubilized in a small amount of DMSO and then dissolved in sterile deionized water with 0.01% sodium azide. Peptide stocks ($5 mg/mL) were aliquoted and stored at À20 C. Peptides were labeled by treatment with Alexa Fluor 488 C 5 Maleimide (Thermo Fisher) at 1:2 ratio in the presence of TCEP (tris-(2-carboxyethyl)phosphine) (Thermo Fisher) overnight at 4 C, followed by dialysis. The Bradford assay was used to determine the concentration of conjugated peptide.
Preparation of fusion proteins
To generate the construct expressing GFP-L2 fusion proteins, DNA encoding the L2 C-terminal segment from wild-type or mutant HPV16 L2 (amino acids 434-461) were inserted into BsrGI and NotI restriction sites in plasmid pET Biotin His6 GFP LIC cloning vector (H6-msfGFP) (Addgene). His6-GFP-L2 fusion proteins were expressed in bacteria and purified using the His GraviTrap column (GE Healthcare). Purified proteins were exchanged into PBS buffer by dialysis and quantified by bicinchoninic acid protein assay. Cell uptake assays 5 3 10 4 293T cells grown on eight-chambered glass coverslips were incubated with 30 mM fluorescently-labeled peptides (ABclonal Technology) for 3 h at 37 C or mock-treated. 5 3 10 4 HaCaT and HeLa S3 cells grown on eight-chambered glass coverslips were incubated with 2.5 mM wild-type or mutant His-tagged GFP-L2 fusion proteins for 3 h at 37 C. After treatment, cells were washed with PBS three times, stained with Hoechst 33342, and examined by confocal microscopy. To observe internalized fusion proteins, cells were treated for 10-15 min with 0.04% trypan blue, washed with PBS, and examined by confocal microscopy. To quantify the cellular fluorescence by flow cytometry, 1 3 10 5 HaCaT and HeLa S3 cells grown on 12-well plates were incubated with 2.5 mM wild-type or mutant GFP-L2 fusion proteins for 0.5-5 h at 37 C. Cells were washed three times, harvested by trypsinization, and analyzed with a Stratedigm-13 flow cytometer for GFP fluorescence.
Retromer pull-down experiments Binding to fusion proteins For fusion protein pull-down experiments, human Vps26, Vps29, and GST-tagged Vps35 subunits were expressed individually in E. coli, and the trimeric retromer complex assembled in vitro was immobilized on GSH resin (GE Health) as described (Harrison et al., 2014) . Ten mg wild-type or mutant GFP-L2 fusion protein was incubated with assembled 15 mg retromer trimer immobilized on GSH resin for 2 h at 4 C in 20 mM HEPES pH 8.0, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and 0.1% Triton X-100. Beads were centrifuged and washed twice in HEPES buffer, suspended in SDS loading buffer, boiled, and subjected to SDS-PAGE and anti-GFP immunoblotting. Input proteins were subjected to SDS-PAGE and stained with Coomassie brilliant blue. Binding to peptides For peptide pull-down experiments, N-terminal biotinylated L2 peptides (sequences shown in Figure 5D ) were purchased from ABclonal Technology at > 95% purity. Peptides were dissolved and stored as described above. HeLa S3 cells plated in six-well plates were lysed at $80% confluency with 500 mL RIPA-MOPS buffer (20 mM morpholinepropanesulfonic acid [pH 7.0], 150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1% deoxycholic acid, 0.1% sodium dodecyl sulfate [SDS]) supplemented with 1 3 HALT protease and phosphatase inhibitor cocktail (Thermo Fisher). The lysate was centrifuged at 14,000 rpm for 20 min, and the supernatant was incubated with 10 mg of a biotinylated peptide for 2 h at 4 C. Fifty mL of streptavidin agarose beads slurry (Thermo Fisher) was added, and the mixture was gently rocked for 45 min at 4 C. Beads were recovered by centrifugation and washed four times with RIPA-MOPS buffer supplemented with NaCl to a final concentration of 0.4 M. Samples were analyzed by SDS-PAGE and immunoblotting with antibody recognizing Vps35 (Abcam).
Split GFP assay Plasmid expressing GFP1-10NES
The full-length GFP gene in pLenti CMV GFP Puro (658-5) contained on a BamHI and SalI fragment was replaced with the DNA segment encoding GFP1-10 amplified from pCMV-mGFP1-10 (Van Engelenburg and Palmer, 2010), a gift from Amy Palmer (University of Colorado) to generate pLenti CMV.GFP1-10. To construct pLentiCMV GFP1-10NES, oligonucleotides encoding the nuclear export signal (NES) sequence LPPLERLTLD (Fischer et al., 1995) were inserted in-frame at the C terminus of GFP1-10 in pLentiCMV GFP1-10. Plasmids used to validate split GFP assay Plasmid pCD8-CIMPR expresses a CD8-CIMPR fusion protein containing the extracellular domain of CD8 fused to the TM and mutant cytoplasmic domains of the cation-independent mannose phosphate receptor (CIMPR), which contains an endocytosis motif and three alanines replacing the WLM retromer binding site (Popa et al., 2015; Seaman, 2007) . The In-Fusion HD cloning Kit (Clontech) was used to insert seven tandem copies of DNA encoding GFP11 (RDHMVLHEYVNAAGIT) in-frame into pCD8-CIMPR either immediately downstream of the CD8 signal peptide sequence or at the C terminus of the fusion protein to generate pGFP11-CD8-CIMPR and pCD8-CIMPR-GFP11, respectively. Each GFP11 repeat was separated by GGSGG linker sequences. The sequences of the relevant portions of the encoded CD8-CIMPR fusion proteins are listed in Table S2 , with GFP11 sequences highlighted in green. Plasmids CNX-S1-10(N) and CNX-S1-10(C) were obtained from Bernard Moss (NIH) and designated here GFP1-10-CNX and CNX-GFP1-10, respectively. GFP11 fusion proteins were expressed in E.coil.
Plasmids expressing GFP11 fusion proteins containing HPV16 L2 C-terminal segment with various CPPs were generated by insertion of the DNA segment encoding seven tandem copies of GFP11, a segment of HPV16 L2, and the basic region from HIV Tat or various HPV types into BsrGI and NotI restriction sites in plasmid pET Biotin His6 GFP LIC cloning vector (H6-msfGFP) (Addgene). GFP11 fusion proteins were purified using Ni-NTA agarose ($0.2 mL per L of bacteria) (QIAGEN). The purification process was monitored by SDS-PAGE gel electrophoresis. Plasmids to produce GFP11-tagged PsV To construct p16sheLL-GFP11-CPP for producing PsVs containing the GFP11 inserted into the HPV16 L2 protein immediately upstream of the basic segment, DNA encoding the tandem GFP11 repeats was synthesized and cloned in-frame into L2 in p16sheLL by using the In-Fusion HD cloning Kit (Clontech). p16sheLL-CPP-GFP11 and p5sheLL-CPP-GFP11 with the GFP11 repeats at the extreme C terminus of L2 was constructed by first inserting Nsil and AvrlI restriction sites immediately upstream of the L2 stop codon in p16sheLL and p5sheLL, respectively. The DNA segment encoding the GFP11 repeats was then inserted into this plasmid between these sites. Site-directed mutagenesis of p16sheLL-GFP11-CPP and p16sheLL-CPP-GFP11 was used to construct p16sheLL-GFP11-3R and p16sheLL-3R-GFP11, respectively, both of which contain three arginines in place of the wild-type CPP. The sequences of the relevant portions of the encoded L2-GFP11 fusion proteins with wild-type CPP are in Table S2 .
Generating cells expressing GFP1-10NES
To generate stable cell lines expressing cytoplasmic GFP1-10NES, lentiviruses were produced by co-transfecting 293T cells in 100 mm dishes with 6 mg of pLentiCMV GFP1-10NES, 4.5 mg of lentiviral packaging plasmid psPAX2 and 1.5 mg envelope plasmid pMD2.G. Forty-eight h later, the lentiviral supernatant was harvested, filtered and stored at À80 C for later use. Cells stably expressing GFP1-10NES were constructed by infecting HaCaT cells with lentivirus and selecting for 48 h in medium containing 1 mg/mL puromycin. Single cells were then plated in a 96-well plate, and monoclonal cell lines were isolated. Cells were used for approximately one month and discarded. To test the expression of GFP1-10NES, 5 3 10 4 clonal HaCaT/GFP1-10NES stable cells grown on glass coverslips were fixed for 15 min at room temperature with 4% Paraformaldehyde (Electron Microscopy Sciences), permeabilized with 1% Saponin (Sigma Aldrich) for 1 h, and incubated with anti-GFP mouse antibody (Santa Cruz) and Alexa Fluor 488 donkey antimouse IgG (H&L) secondary antibody (Thermo Fisher). Images were acquired with a Leica SP5 inverted fluorescence microscope.
Validation of split GFP assay
The split GFP assay was validated by fluorescence microscopy. 5 3 10 4 clonal HaCaT/GFP1-10NES cells in eight-chambered glass slides were transfected with 0.25 mg of pGFP11-CD8-CIMPR or pCD8-CIMPR-GFP11. Twenty-four h later, live cells were examined by fluorescence microscopy. To demonstrate the functionality of GFP11 in GFP11-CD8-CIMPR, 5 3 10 4 293T cells in eight-chambered glass slides were co-transfected with pGFP11-CD8-CIMPR and a plasmid expressing a calnexin TM fusion protein containing luminal GPF1-10 or cytoplasmic GFP1-10 (GFP1-10-CNX and CNX-GFP1-10, respectively) ( Figures S2C and S2D) (Hyun et al., 2015) . Twenty-four h later, live cells were examined by fluorescence microscopy.
To test if the L2 CPP from different HPV types could deliver the C terminus of a fusion protein into the cytoplasm by using the split GFP assay, 5 3 10 4 clonal HaCaT/GFP1-10NES cells in eight-chambered glass slides were incubated with 15 mg of GFP11 fusion proteins for 3 h at 37 C. After treatment, cells were washed with PBS three times, stained with Hoechst 33342, and examined by a Leica SP5 inverted fluorescence microscope. Some samples were treated with trypan blue. Determining the protrusion of L2 C terminus To demonstrate cytoplasmic protrusion of L2 of PsV by using the split GFP assay, 3 3 10 4 clonal HaCaT/GFP1-10NES cells seeded in eight-chambered glass slides were incubated for 1.5 or 3 h at MOI of $2000 with HPV16 or HPV5 PsV containing wild-type L2 or L2 containing inserted GFP11 and a wild-type or 3R mutant L2 CPP. Live cells were analyzed by a Leica SP5 inverted fluorescence microscope and processed with Fiji. In the experiment shown in Figure S5 , cells were pretreated with 6 mM aphidocolin (Santa Cruz), which was left in the medium for the duration of the experiment. To determine whether L2 with or without GFP11 is cleaved during infection, 3 3 10 5 clonal HaCaT/GFP1-10NES cells seeded in 12-well plates were incubated at MOI of $1,000 with HPV16 PsV containing wild-type L2 or L2 containing inserted GFP11. After 1.5, 3, or 6 h., cells were washed once with PBS at pH 7.2, once with PBS at pH 10.75 to remove surface-bound virions, and twice with PBS at pH 7.2, harvested by trypsinization, and lysed in 80 mL sample buffer (2% SDS, 100 mM DTT, 150 mM Tris-HCL, 10% Glycerol, 0.02% Bromophenol Blue). Cell lysates (20 mL) were subjected to SDS-PAGE and anti-L2 immunoblotting with anti-L2 antibody (Santa Cruz), which recognizes residues 40-150 of L2. Membrane was stripped and reprobed for GAPDH as a loading control. Statistical analysis Data in figure panels reflect three or more independent experiments performed on different days. In all figures, data are presented as mean ± SD. Statistical tests and specific p values used are indicated in the figure legends.
QUANTITATION AND STATISTICAL ANALYSIS
Quantitation of PLA assay To quantify PLA signals, BlobFinder was used to perform a single cell analysis, which assigns each signal to the closest cell and quantifies the signal intensity per cell for each cell in the image (Allalou and Wä hlby, 2009 ). The PLA fluorescence signal intensity of $200 cells for each experiment was averaged. The average intensity for EEA1/L1 and Vps35/L1 samples was normalized to cells infected with wild-type PsV at 8 hpi to yield the relative fluorescence intensity; the average intensity for TGN46/L1 samples was normalized to cells infected with wild-type PsV at 16 hpi. The relative fluorescence intensity of three individual experiments were averaged and plotted.
Quantitation of split GFP assay Quantitation of reconstituted GFP in HaCaT/GFP1-10NES cell line was performed using Fiji software. An outline was drawn around each cell, area, integrated density, and mean fluorescence measured, along with several adjacent background readings. The corrected total cellular fluorescence (CTCF) = Integrated density -(Area of selected cell 3 Mean fluorescence of background readings), was calculated (Burgess et al., 2010) . CTCF of $200-300 cells were quantified and plotted using GraphPad Prism 7. Statistical analysis (Student's t tests) were performed. 
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